Oxidative and phosphorylative activities were measured polarographically in mitochondria isolated from the right and left ventricles of normal and chronically stressed dog hearts. Chronic myocardial stress was produced experimentally by surgical procedures (combined tricuspid insufficiency and pulmonary stenosis, pulmonary insufficiency, aortic stenosis, aortic insufficiency, Potts's anastomosis) and by inducing thyrotoxicosis. Experimental stress periods ranged from 332 to 608 days. Some of the dogs had overt symptoms of congestive heart failure at the time they were killed.
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• Chronic stress on the heart often results in a gradual deterioration of myocardial performance as evidenced clinically by congestive heart failure. Although this deterioration has long been considered to be a reflection of a biochemical abnormality in the myocardium, positive identification of this abnormality has not been achieved. The present report describes a search for biochemical abnormalities in mitochondria isolated from chronically stressed dog hearts, some of which appeared to be in chronic failure.
The results of previous studies on the condition of mitochondria in the chronically stressed or failing heart are conflicting. Mitochondrial function was reported to be normal in some of these studies (1) (2) (3) (4) , whereas in others a reduction in oxidative activity (5-7), respiratory control ratios (6) and efficiency of oxidative phosphorylation (5-7) was observed. The factors responsible for these divergent results have not been clear. To test the possibility that some of the conflict in these reports is due to differences in the means by which myocardial stress was produced, we have measured oxidative activity, respiratory control, and efficiency of oxidative phosphorylation in cardiac mitochondria isolated from dogs in which stress had been induced experimentally by several different means: (1) combined tricuspid insufficiency and pulmonary stenosis, (2) pulmonary insufficiency, (3) aor-
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tic stenosis, (4) aortic insufficiency, (5) Potts's anastomosis, and (6) thyrotoxicosis. Regardless of the means by which stress had been induced, mitochondria isolated from the stressed hearts had normal efficiency of oxidative phosphorylation and either normal or abnormally high oxidative activity and respiratory control ratios. These findings suggest that prolonged myocardial stress does not result in functional degeneration of the mitochondria, but rather, in some respects they become more active.
Materials and Methods

ANIMAL PREPARATION
Biochemical studies were performed on 27 adult mongrel dogs. Twenty-two of these animals had been subjected to one of six experimental procedures designed to cause chronic myocardial stress (Table 1) .
Combined tricuspid insufficiency and pulmonary stenosis was produced in two steps (8). Tricuspid insufficiency was produced initially by avulsion of the tricuspid valve, according to the method of Barger et al. ( 9 ) . One month later, pulmonary artery stenosis was produced by a partial narrowing of the main pulmonary artery with a Dacron cloth band 8 mm wide (V. Mueller & Co.) . The lumen of the artery was reduced as much as could be tolerated without induction of acute heart failure (usually about 60%). All of the dogs of this group were placed on a low-sodium diet and digitoxin (0.6 mg every 12 hours, with the food) two months after the initial surgical intervention and were kept on this program until they were killed about 10 months later. Pulmonary insufficiency was produced by direct excision of the pulmonary valve through a pulmonary arteriotomy. Aortic stenosis was produced by banding of the descending thoracic aorta according to the same banding procedure described above for producing pulmonary stenosis. The lumen of the aorta was reduced by approximately 60%. Aortic insufficiency was produced by punching a hole (5 to 6 mm in diameter) in the noncoronary cusp of the aortic valve according to the procedure of Roshe and Morrow (10). Anastomosis of the left pulmonary artery and the aorta was achieved by the method of Potts et al. (11) . In this procedure, longitudinal incisions (5 to 7 mm long) in the left pulmonary artery and the descending thoracic aorta were joined to form a shunt between the two arteries. Thyrotoxicosis was induced by feeding the dogs monosodium Z-thyroxine 1 mixed with the diet (two feedings per day). The dogs were fed 16.6 mg of the thyroxine salt per day during the first 150 days of the experimental period, after which the dosage was reduced to 9 mg per day until they were killed approximately 230 days later.
All of the dogs used in these studies were penned in steel cages 3 feet square throughout the experimental period. Control animals were held only long enough to ascertain that they were in good health.
ISOLATION OF MITOCHONDRIA
The dogs were anesthetized with sodium pentobarbital, 26 mg/kg iv, and were subjected to a iSupplied in the form of Synthyroid tablets by Flint Laboratories, Chicago. 19.4 ± 1.9 19.5 22.4 ± 0.6 17.6 ± 1. 
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left thoracotomy under positive-pressure ventilation with oxygen. The beating heart was rapidly excised and placed in ice-cold 0.25 M sucrose for transport to the cold room. From this point on, all operations of the isolation procedure were carried out at 0° to 4°C. The intact heart, the free wall of the right ventricle, and the left ventricle plus the interventricular septum were weighed.
Mitochondria were isolated from the right and left ventricles by a modification of the procedure of Hatefi et al. (12) . The heart muscle tissues were freed of external fat and connective tissues and were ground in a commercial meat grinder. The entire mince from the right ventricle was weighed and placed in a solution containing 0.25 M sucrose, 0.001 M ethylenediaminetetraacetate (EDTA), 0.01 M tris (hydroxymethyl) aminomethane (Tris)-HCl (pH 7.8, 2 ml/g tissue).
A portion of the left ventricle mince, equivalent in weight to the right ventricle mince, was treated similarly.
Nagarse proteinase (Enzyme Development Corporation, New York) was added to the suspended mince (0.5 mg/g tissue) and the suspension was stirred for 20 minutes. During this time the pH was maintained between 7.0 and 7.5 by the addition of 1 M Tris. The suspension was then homogenized in a glass-Teflon nomogenizer with a clearance of about 0.2 mm. The homogenate was diluted with 1 volume of the sucrose-EDTATris-HCl solution and centrifuged for 20 minutes at 1300 X g (maximum force) in a refrigerated centrifuge. The supernatant fluid was decanted through a double layer of cheesecloth and centrifuged again at 11,500 X g for 10 minutes. 
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The sediment was resuspended in about 40 ml of the sucrose-EDTA-Tris-HCl solution and centrifuged at 35,000 X g for 10 minutes. The upper "fluffy" layer of the resulting pellet was separated with a glass rod and removed by washing with fresh suspending medium. The middle layer, consisting primarily of the mitochondria, was then separated from a relatively small bottom layer with a stirring rod and was resuspended in a solution containing 0.25 M sucrose and 0.01 M Tris-HCl (pH 7.5) and centrifuged at 35,000 X g as before. The mitochondrial sediment was resuspended finally in a small amount of the same solution to give a protein concentration of 30 to 50 mg/ml, estimated by the biuret procedure of Gornall et al. (13) . This suspension was adjusted to 30 mg protein/ml and was used immediately in the studies of mitochondrial function.
STUDIES OF MITOCHONDRIAL FUNCTION
Oxygen consumption by the mitochondria was monitored polarographically with a Clark oxygen electrode (Yellow Springs Instrument Co.), which was polarized and linked to a potentiometric recorder by a circuit similar to that described by Hagihara (14). The electrode was encased in a cylindrical Lucite plug machined to fit a 20-mm (i.d.) glass reaction vessel immersed in a constant-temperature water bath. Additions were made to the closed chamber with a syringe through a 1.5-mm square slot in the side of the electrode holder. The vessel contents were constantly stirred with a magnetic stirrer.
Mitochondria, at a final concentration of 0.5 mg protein/ml, were incubated at 30°C in 6 ml of reaction medium which contained (as final concentrations) 80 mM KC1, 20 mM imidazole-HCl (pH 6.8), and 5 mM potassium phosphate (pH 6.8), 1 mM MgCl 2 , and either 10 mM potassium succinate or 5 mM each of potassium pyruvate and potassium malate. Rotenone (1 m^imole/mg mitochondrial protein) was included in the incubation mixture when succinate was used as substrate, to prevent oxalacetate formation (15) and consequent inhibition of succinate oxidation (16). The reaction was initiated by addition of the mitochondria. Additions of ADP (1.5 ^tmoles in the malate-pyruvate system and 1.0 ^u,mole in the succinate system) were made during the course of the incubation to estimate respiratory control and ADP-O ratios according to the methods described by Chance and Williams (17) . The means by which these ratios were obtained are illustrated in Figure 1 , which presents typical polarographic tracings obtained in a study of mitochondria from a normal dog heart using the assay methods described above. As can be seen, respiratory control (R.C. in Figure 1 ) ratios were calculated by dividing the rate of mitochondrial respiration after the addition of ADP to the incubation mixture by the rate of respiration immediately after the ADP had been converted to ATP, as indicated by a sharp decline in the rate of oxygen consumption.
ADP/O was calculated by dividing the ^imoles of ADP added to the incubation mixture by the uatoms of oxygen consumed while the ADP was being phosphorylated. The accuracy of the ADP/ O determined by this method depends on the degree to which the accuracy of the amount of ADP added and the amount of oxygen consumed during the phosphorylation process are known. Since our major concern in these studies was to compare mitochondria from different sources, it was unnecessary to determine the levels of these reactants with a high degree of accuracy. It was important, however, to use the same levels of oxygen and ADP throughout the series of determinations. Therefore, care was taken to establish the same initial level of oxygen in the reaction medium prior to each determination and to add the same amount of ADP each time an addition of this reactant was made. These conditions were achieved satisfactorily by thoroughly equilibrating the reaction media with air immediately before use, and by obtaining ADP from the same stock solution throughout the study. In every case, it was assumed that the initial level of oxygen in the reaction medium, equilibrated with air at 30°C, was 0.5 //.atom/ml.
Occasionally, the accuracy of the polarographic method of estimating the efficiency of oxidative phosphorylation was checked by the conventional manometric technique. The P-O ratios (inorganic phosphate consumed/oxygen consumed) obtained in the manometric procedure were found to be in good agreement with the ADP/O obtained by the polarographic technique. The reproducibility of the polarographic tracings was excellent. Because of this, the usual procedure was to obtain only one tracing for each type of determination.
Results
PATHOLOGIC CHANGES
The dogs that had been subjected to combined tricuspid insufficiency and pulmonary stenosis began to show clinical signs of congestive heart failure within 3 to 5 weeks after the production of pulmonary stenosis. These signs included oliguria, marked sodium retention, reduced exercise tolerance, and increased weight associated with the appearance of ascites. At this time they were placed on a lowsodium diet and digitalis therapy. Despite these measures, two dogs of this group died before the biochemical studies had been initiated. The surviving animals, at the end of the experimental period, exhibited peripheral edema and ascites (ascitic fluid ranged from 300 to 400 g/kg body weight), engorged and dilated superior vena cavae, enlarged livers, dilated right atria and right ventricles, and increased ratios of right ventricle weight to left ventricle weight ( Table 2) .
As in the study by Barger et al. (9) , the single dog with experimental pulmonary insufficiency had no signs of congestive heart failure at any time during the experimental period. However, examination of the heart at the end of the experimental period showed that some right ventricular hypertrophy had occurred, as evidenced by a slightly elevated ratio of right ventricle weight to left ventricle weight ( Table 2 ). The dogs with aortic stenosis also did not develop signs of congestive heart failure. These dogs gained in average weight about 1425 during the experimental period (Table 1) . This gain appeared to be due largely to fat accumulation and probably accounts for the low ratios of heart weight to body weight observed in these dogs at the time they were killed ( Table 2 ). The dogs with aortic insufficiency appeared to be fully compensated at rest and were free of outward signs of congestive heart failure. Elevated ratios of heart weight to body weight were observed in these animals despite an average increase in weight of about 313! during the ex- 7.4 ± 0.3 6.5 ± 0.5* 7.2 6.7 ± 0.3* 8.5 ± 1 . 1 9.2 ± 1. Values are means from the number of determinations (dogs) indicated in Table 1 , ±SD. RV = right ventricle; LV = left ventricle.
•Expressed as mg mitochondrial protein per g myocardial tissue. tSymptoms of severe myocardial failure present. *Significantly different from normal (P<0.05).
perttnental period (Table 1) . Here, as in the dogs with aortic stenosis, the gain in weight appeared to be due largely to accumulation of fat. Approximately 1 year after the operative procedure, one dog of this group died following hindlimb paralysis and degeneration of the spinal cord. Of the dogs with experimentally induced left heart stress, those with Potts's anastomosis had the most severe symptoms of heart failure; their most obvious sign of distress was their inability to stand for more than a few minutes at a time. Two dogs of this group died of heart failure a few weeks before the end of the experimental period. The two surviving animals had elevated ratios of heart weight to body weight and decreased ratios of right ventricle weight to left ventricle weight (Table 2) , indicating the presence of cardiomegaly involving predominantly the left ventricle. Figure 2 shows the changes in weight that occurred in the five thyrotoxic dogs during the experimental period. Feeding of 16.5 mg of monosodium Z-thyroxine per day proved to be very toxic. This is indicated by the marked loss in total body weight (approximately 45?) while this amount of thyroxine was being given. Although the dosage was reduced to 9 mg of the thyroxine salt per day after 5 months, the dogs continued to lose weight for approximately 1 more month, followed by a period of about 8 months during which most of the animals regained all of the weight that had been lost. Despite their return to normal weight under the relatively nontoxic level of thyroxine, the dogs continued to have clinical symptoms of hyperthyroidism up to the time they were killed. These symptoms included an elevated basal metabolic rate, increased heart rate, hyperexcitability, fine muscle tremors, and high caloric intake. The dogs maintained a very good appetite even while in the most severe thyrotoxic state and this, as pointed by Piatnek and Olson (18) , probably accounts for the exceptional ability of dogs to withstand high levels of thyroxine. Table 2 "Vmoles oxygen consumed/mg mitochondrial protein/hour; ADP rate: ADP present in the incubation mixture; controlled rate: immediately after ADP had been depleted (see Fig. 1 ). fSignificantly different from normal (P < 0.05). ^Symptoms of severe myocardial failure present Vmoles oxygen consumed/mg mitochondrial protein/hour; ADP rate: ADP present in the incubation mixture; controlled rate: immediately after ADP had been depleted (see Fig. 1 ). fSignificantly different from normal (P < 0.05). ^Symptoms of severe myocardial failure present.
shows that elevated ratios of heart weight to body weight and normal ratios of right ventricle weight to left ventricle weight were observed in the thyrotoxic animals. Signs of congestive heart failure were not observed in the dogs at the end of the experimental period.
MITOCHONDRIAL YIELD
The mitochondrial yield data (Table 2) showed no significant differences between normal and stressed hearts. The yield was quite variable and probably represents only a small fraction of the mitochondria that existed in the intact tissue. The isolation procedure was designed more for procurement of functionally and structurally intact mitochondria than it was for their quantitative extraction from other tissue components. However, assuming that there were no differences in tissue structure that would affect the degree of mitochondrial extraction, the comparisons are considered to be valid because mitochondria were isolated from all the tissues by the same procedure. Tables 3 and 4 present the results of the mitochondrial function studies obtained in the malate-pyruvate and succinate substrate systems, respectively. Two rates of oxygen consumption are given: (1) the rate immediately after the addition of ADP to the incubation mixture (ADP rate) and (2) the lower rate which ensued after the ADP had been entirely consumed (controlled rate). Table 3 shows that mitochondria from the chronically stressed hearts had abnormally high ADP rates of oxygen consumption in the -presence of malate-pyruvate. These rates, expressed as percent of the normal ADP rate of oxygen consumption, in the right ventricle, left ventricle, and right-ventricle-plus-left-ventricle stress groups averaged 144, 116, and 124, respectively, for the right ventricle mitochondria and 142, 144, and 134, respectively, for the left ventricle mitochondria. The difference between the mean ADP rates of oxygen consumption in right ventricle mitochondria from the group with right ventricle stress and the group with left ventricle stress was statistically significant (P = 0.01). The rate of malate-pyruvate oxidation was generally highest in mitochondria isolated from the ventricle in which the experimental procedure was expected to produce the most stress. An exception to this observation is the result showing oxidative activity to be maximally elevated with respect to normal in left ventricle mitochondria obtained from the dogs that had been subjected primarily to right heart stress. However, this finding perhaps should not be interpreted to indicate that there was not a cause-and-effect relationship between chronic myocardial stress and augmentation of mitochondrial oxidative activity, because there is evidence indicating that the procedures used here to produce right heart stress also produce alterations in the performance of the left ventricle that suggest the presence of a condition of stress. Thus, Olson and Piatnek (19) noted that dogs subjected to combined tricuspid insufficiency and pulmonary stenosis developed symptoms of failure in the right ventricle initially, followed eventually by the appearance of symptoms of failure in the left ventricle. Table 3 also shows that despite the elevated levels of respiratory activity in the presence of ADP in mitochondria from the stressed hearts, the controlled level of respiratory activity was either the same or slightly lower than normal. Since both increased ADP rates and decreased controlled rates of respiration increase the respiratory control ratios (Fig. 1) , the respiratory control ratios obtained with mitochondria from the stressed hearts were considerably elevated with respect to those obtained with mitochondria from the normal hearts.
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MITOCHONDRIAL FUNCTION
No differences were found between normal and stressed heart mitochondria with regard to the efficiency of oxidative phosphorylation, indicated by ADP/O. These ratios ranged from 2.70 to 2.91 in the malatepyruvate system (the theoretically maximal ADP/O in this system is 3.00). The small differences noted were found to be insignificant when examined statistically with Student's ttest.
In the presence of succinate, the mitochondria from the stressed hearts behaved much more like those obtained from the normal hearts than they did in the malate-pyruvate system. However, there appeared to be a general tendency for the mitochondria from the stressed hearts to show slightly higher ADP rates and lower controlled rates of oxygen consumption, similar to their response in the presence of malate-pyruvate. This tendency is most noticeable in the respiratory control ratios because, as was pointed out above, both increased ADP rates and decreased controlled rates of oxygen consumption increase these ratios. However, the changes were statistically significant only in the case of mitochondria isolated from the right ventricle of hearts with combined tricuspid insufficiency and pulmonary stenosis. Statistical analysis of the differences between the right ventricle and left ventricle stress groups shows that the mean ADP rates of succinate oxidation and the mean respiratory control ratios obtained with mitochondria from the right ventricles were significantly different (P = 0.03 in both cases). Since the higher values were obtained with mitochondria from the right ventricles of the dogs with primarily right heart stress, a cause-and-effect relationship between chronic myocardial stress and augmentation of oxidative activity associated with increased respiratory control is again suggested.
Comparisons of the mitochondrial function data from each experimental group with the data from each of the other experimental groups showed that there were no statistically significant differences (P < 0.05). This would indicate that any differences that might have been due to the observed differences in the degree of cardiac hypertrophy or to the presence of a condition of myocardial failure were not significant.
Discussion
Of the several previous investigations on mitochondria isolated from the stressed heart, only those of Olson (1), , and Wollenberger et al. (5) Circulation Research, Vol. XXIII, July 1968 used dogs under experimental conditions similar to those of the present study. Olson (1) and examined mitochondria isolated from dog hearts in which a condition of chronic failure had been induced experimentally either by thyroid hormone administration or by surgical production of combined bicuspid insufficiency and pulmonary stenosis. Similar to our findings, oxidative activity, efficiency of oxidative phosphorylation, and respiratory control were normal despite the existence of overt symptoms of congestive heart failure in some of the animals from which the mitochondria were obtained. Wollenberger et al. (5) determined oxidative and phosphorylative activities in mitochondria isolated from hypertrophied nonfailing left ventricles of dogs that had had moderate experimental aortic stenosis for 1 to 2H years. In marked contrast to our findings and those of Olson (1) and , these activities were severely depressed in mitochondria from the chronically stressed hearts.
Previous investigations of mitochondria in experimental heart failure using animals other than the dog are also conflicting. Thus, mitochondria from guinea pig hearts, in which failure had been induced experimentally by constriction of the aorta, were found by Plaut and Gertler (20) , Gertler (21) , and Sobel et al. (4) to have normal oxidative and phosphorylative activities, whereas in similar preparations, Schwartz and Lee (6) found these activities to be considerably depressed. Using similar techniques with rats, Argus et al. (7) obtained results in agreement with those of Schwartz and Lee.
Our results support the findings of those investigators who have not found deficiencies in the energy transforming capabilities of mitochondria isolated from chronically stressed or failing hearts. Among these investigators are Chidsey et al. (3) , who conducted a thorough study of mitochondria from human myocardial tissues removed at the time of cardiac operations from patients with congestive heart failure. Although our study has not revealed a reason for the discrepancies in Circulation Rmotrcb, Vol. XXIII, July 1968 the results of previous investigations of mitochondrial function in the chronically stressed or failing heart, it now seems clear from this and earlier studies (1-4, 20, 21) that mitochondria with unimpaired oxidative and phosphorylative activities can be obtained from hearts in which stress or failure had been induced by a wide variety of experimental techniques or natural circumstances. Since some of the experimental techniques used in these investigations were identical to those employed in the studies (5-7) indicating impaired mitochondrial function, it seems likely that the cause for the discrepancies in results originated in the methods by which the mitochondria were isolated and assayed. If this is so, it may be important to note that all of the studies showing impaired mitochondrial function were complicated by the use of high levels (10 to 20 HIM) of fluoride in the assay media. Fluoride is known to inhibit succinate (22) and glutamate (23) oxidation by mitochondria, and to rapidly and irreversibly destroy the capacity for oxidative phosphorylation in mitochondria incubated in the absence of substrates and cofactors (24) . Since little is known about the means by which fluoride exerts this inhibitory action (24) , it may be worthwhile to consider the possibility that the production of chronic myocardial stress or failure induces a change in the mitochondria which increases their sensitivity to fluoride. Gertler (21) has observed such a change in the response of heart mitochondria to malonate. Thus, malonate was observed to inhibit severely a-ketoglutarate oxidation in cardiac mitochondria from guinea pigs with experimental congestive heart failure, but not in mitochondria from normal animals. However, Olson's (1) work with dogs did not confirm this observation.
Our study differs from previous investigations in that abnormally high oxidative activities associated with increased respiratory control were found in mitochondria from chronically stressed dog hearts. The fact that this response was not observed in earlier investigations might be due to the differences in the methods by which the mitochondria were assayed. A difference that may be of particular importance in this regard is the pH at which the assay media were buffered. In all of the previous investigations cited above, mitochondria were assayed at pH 7.4. Preliminary studies in this laboratory showed that heart mitochondria in the presence of phosphate and phosphate acceptor oxidize malatepyruvate and succinate most actively in media buffered in the pH range 6.5 to 7. These studies also showed the magnesium-stimulated adenosine triphosphatase (ATPase) activity to be low in this range, and to increase markedly as the pH is elevated above pH 7. A similar response to changes in pH was observed in the controlled rate of respiration (that is, phosphate acceptor-limited respiration). Since in the work reported here the mitochondria were assayed at pH 6.8, respiratory activity was maximal in the presence of phosphate acceptor and, presumably because of the low ATPase activity at this pH, relatively low in the absence of phosphate acceptor. Therefore, conditions were optimal for the detection of differences in respiratory activity as well as differences in respiratory control due to differences in the degree of coupling of respiration to phosphorylation rather than to variations in ATPase activity. Whether or not differences in ATPase activity were in fact responsible for the observed differences in respiratory control was not determined (the presence of ATPase activity would increase the controlled rate of respiration and thereby decrease the respiratory control index).
Although stress-induced changes of the type indicated by our results have not previously been observed in studies of stressed or failing hearts, quite similar changes have been found to take place in the mitochondria of skeletal muscle of rats following strenuous exercise on a treadmill (25) and in the mitochondria of skeletal muscle and several other tissues of the rat following thyroid hormone administration (26) (27) (28) . Lee and Lardy (28) have presented evidence which indicates that the increase in specific activity of certain mitochondrial oxidases induced by thyroid hormone is due primarily to an increase in dehydrogenase activity. However, the observation by Maley (26) that liver mitochondria from thyrotoxic rats contain abnormally high levels of cytochrome C suggests that additional alterations in mitochondrial composition may be involved. Whether alterations in mitochondrial composition of this type are beneficial to the life process cannot be determined until a more thorough knowledge of mitochondrial and cellular function is obtained.
In our studies, no effort was made to elucidate the mechanism for the observed differences in oxidative activity between mitochondria isolated from normal and chronically stressed hearts. The observation we wish to emphasize here is that under conditions of chronic myocardial stress, cardiac mitochondria showed no signs of functional degeneration. This was found to be true regardless of the means by which chronic myocardial stress was produced and whether or not signs of congestive heart failure were present. Furthermore, mitochondrial yield estimates indicated that the stressed hearts were not deficient in mitochondria, which is in accord with observations (29) (30) (31) indicating that myocardial extraction of oxygen and of oxidizable substrates is not diminished in patients with congestive heart failure. Therefore we conclude that the deterioration of myocardial function associated with the appearance of the congestive heart failure syndrome is not due to a deterioration in the mitochondrial oxidative and phosphorylative capabilities of the myocardium.
